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Abstract
Coulomb effects on heavy-ion pion production cross sections are
formulated in terms of weighted averaging over various projectile frag-
ments. Satisfactory fits to zero-degree pion data are found for Ar + C
and Ne + C systems. The fragment distributions of excited compound
nuclei, before nucleon evaporation, must be used, and the fragment
velocity dispersion parameter needed is smaller than that measured for
fragments after nucleon evaporation. Average charge Zeff values are
determined and compared with those from an experimental paper. In the
heavy-ion energy range of the 0° pion studies (300 MeV 5 E/A 5 600 MeV),

it is inferred that target-projectile factorization for fragmentation

cross sections does not hold.
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Introduction

The strong n peak and n+ depression near beam velocity for
heavy-ion-produced p‘ions1 is qualitatively understood as a Coulomb
effect of projectile spectator charges.

The theoretical studies of refs. 2, 3, and 4 all show the above
effect. In ref. 3 the Coulomb field after the collision was approximated
by spreading part of the proton charge along a line between nuclear
centers with the remainder continuing with unaltered velocities in the
original Gaussian distributions. In ref. 4 various approximate analytical
expressions were derived for thermally expanding charge distributions. In
particular, the w_/w+ ratio at its peak is very sensitive to the
temperature assumed for the spectator source, a temperature of ~4 MeV
appearing reasonable for the data of ref. 1,

The collaborators of ref. 1 meanwhile upgraded their zero-degree pion
spectrometer with wire chambers to measure double differential cross
sections at higher resolution than before. The resulting new data5 show
the = peak to be considerably sharper than was inferred from the lower
reso]utioﬂ spectrometer,

The new data can be fit within the framework of Gyulassy-Kauffmann
theory4. However, unrealistically Tow values of the spectator
temperature parameter are required to fit the data.

Since production of bound projectile fragments at near-beam velocity
is known to be appreciable, these bound fragments ought to be taken
explicitly into account in pion-production Coulomb effects. Fortunately,
there are some detailed measurements of the momentum shifts and
dispersions of fragments at Bevalac energiesG”B. The systematics of
fragment cross sections have been established from experimental and

theoretical work of many group59"13.
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Formulation of Projectile Fragment Coulomb Correction

The Coulomb correction to the pion production cross section depends

on the regular Coulomb function Fz(“¢’°s)14’ where n is the
+

e” - .
Sommerfeld parameter, n, = *%V_3 v is the velocity of the
produced pion relative to the spectator, and Z is the charge of the
spectator. For the cases of interest, the s-wave term is predominant in

the expansion, and it is a good approximation to write the cross section

3514
Fo(nisps ) 2 2
+
0 s« | =61 oy my i) (1)
S, *
where
m.c
w 1/3 . 1/3
psi = kirs = rd—g— 8 iA with re = roAF .
Zﬂni
8 = Texp(2rn )17 ° (2)

+ -
and the +,- signs stand for = and = , respectively.

For comparison with inclusive pion data we should calculate an
average value of Eq. (1) over all products and relative velocity of pion
and fragment rather than for one set of A, Z, v. The velocity dispersion
formula obtained by Greiner'gg_il.6 is used, and it has the form

i
P =expl-—5 | , (3)
ZaF
where Bp = vF /¢ is the fragment velocity in units of c, and the

velocity dispersion width ap is given as

ag = o ¢/ (mc’) o - PTG (4)



4.
In eq. (4) the constant °, has been found to be about 86 MeV/c by
experiment, mNc2 is the nucleon rest mass energy constant, A0 is the

projectile mass, and A. is the mass of fragment under consideration.

F
Furthermore, the averaging technique requires weighting with respect

to the cross section of forming a fragment of mass A. and charge Z

F
FSZF) before evaporation of protons and neutrons, and also with

F9
o (A

respect to the differential cross section (before Coulomb correction) of

forming a pion simultaneously with a fragment of mass A. near beam

F

velocity, which is assumed to be a function of the mass loss, F(AO -

AF). c(AF,ZF) is calculated by the computer code of P. McGaughey
and D. MorrisseylS.

It is now straightforward to integrate over Br and have the
analytical formula for the average value of n in terms of an error

function as

2

s Zpe” ) erfl ,/(V2 ap)] (5)
'i Br hc B o+
It is a good approximation to replace the average over B in the
pion cross section by the average over the Sommerfeld parameter and get
the grand average of the pion cross section as
mr.c 2
™ 0 173
Z NA G(AF’ZF)F(AO—AF)Gi(<n>8 Y11 + 31,.-5”?3 AF
A-,Z- F F h F
F°°F
<o_"i.> = (6)
Z Ny o(Ac,Z)F(A -AL)
Az
F°>°F
where NA = Vi op



Numerical Calculations

To employ our code for averaging pion Coulomb effects over projectile
fragments, we must have cross sections for fragments as input.

The most nearly applicable fragmentation data are those of Symons et

8 40

al.” on the "“Ar + 12C system, though their measurements were at a

different energy, 213 MeV/N, from our pion work at 533 MeV/N.

16 12

The data of Lindstrom gg_gl,g give ~70 and “°C fragmentation at

higher energies (and 2 GeV/N). From their data they showed that target
factorization holds, that is, that cross sections were expressible as a
product of two factors, yg depending on projectile and fragment N and
Z and a target factor Y7 depending on target mass number. It is
evident that the results of fragment averaging by eq. (6) would give a
target independence if target factorization held. Such target
independence is contrary to the findings of Sullivan gg'gl.s

Thus, we sought some theoretical code for fragmentation cross
sections. The two main approaches are (1) microscopic Monte Carlo
cascade-evaporation models and (2) geometrical abrasion-ablation models of
the fireball and firestreak variants. We have been fortunate that Patrick
McGaughey at Berkeley had refined the early firestreak code of Oliveira et

12 and could immediately run fragmentation calculations for our use.

al.,
Figure 1 shows a comparison of fragment element yields between the
firestreak code and the data of ref. 8. The solid histogram shows the
primary yields of excited compound nuclei after the fast stage (abrasion)
but before particle evaporation (ablation). The dashed histogram shows

the final yields. The comparison with the data is reasonable.
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Since the pions should move out many nuclear diameters during a mean
life of compound nuclei, it seems more correct to use the primary fragment
distribution rather than the final distribution for our pion Coulomb
codeld. Figure 2 shows the results of our theoretical code compared to
40Ar + C experimental pion data of Sullivan gi_gl,s The firestreak
code fragment yields at 533 MeV/N, slightly broader than those of Fig. 1,
were used as input. Here we made the simplest assumption for the pion
product ion factor, namely, purely Tinear dependence on fragment mass 1oss
(A - AF)‘ A momentum dispersion constant of 0, = 60 MeV/c and a
radius constant o = 1.5 fm were used in eq. (6). The theoretical curve
was corrected by folding in the experimental resolution. The agréement
seems quite satisfactory. 1In ref. 5 this Ar + C case could not be fit
well using Coulomb factors for a single effect ive ZF fragment charge.
Since the momentum dispersion of primary fragments before particle
evaporation is unknown, we did not constrain the calculations to the
experimental constant 04 = 86 MeV/c but tried different values.

In Fig. 3 we show McGaughey's firestreak code yields for 20Ne
fragmentation at E/A = 280 MeV on a carbon target. In Fig. 4 we show the
theoretical cross-section curves compared to data from ref. 5. Both the
theory before folding with experimental resolution (dashed) and after
folding (solid) are plotted. As in the Ar + C case of Fig. 2 the
dispersion width constant %, of 60 MeV/c and o of 1.5 fm were used.

It was necessary not only to use the fragment yields before evaporation
(Fig. 3 solid curve) but also to further bias the pion production toward
heavier fragments by a quadratic term in the pion production factor F,

namely,



iy .

2
F = N_n, [(AO - AF) + Cﬂ(AO - AF) ]9
with C_ = - 0.06 and N_ = 0.216 b.sr-1 Gev-2,

It may seem inconsistent that a different F function form was used for
neon than for argon. However, if we go back to the Ar + C case and use
the quadratic F function for Ne, the comparison with data after folding in
experimental resolution is scarcely changed. The theory before resolution
shows a higher, sharper = peak with the quadratic term, but the
experiment al resolution is such that the argon data are insensitive to the
quadratic coefficient, while the neon data do require such a term.

We have used a smaller production dispersion constant %, than that
given by inclusive fragmentation measurements of Greiner g£_§136 and Van
Bibber 31_31.7 The data really are sensitive to the choice of 05 3S
Fig. 5 makes clear. In Fig, 5 are plotted the data in comparison with
theory for three different dispersion constants, T4 of 60, 86, and 110
MeV/c. A1l other parameters are held the same and are the same also as
for Fig. 4. For simplicity, the theory before experimental resolution
folding is not shown in Fig. 5. It 1is evident that the smallest value of
%, gives the best fit.

In the data fitting of the experimental paper of Sullivan gi_gl,s,
it may seem at first strange that a different effective fragment charge

Z,pp Must be used for =~ and for » data in the same system. Thus,

ef
it is gratifying that the detailed fragment averaging of the present paper

gives agreement for = and w+ data using all the same parameters
(00, Cw, and normalization)., Figure 6 shows the theory and data for
w+ in the Ne + C system at E/A = 280 MeV. The same parameters were used

as for the = case of Fig. 4.



-8-

While the formulations of the present paper go beyond those of ref., 5
in doing detailed averaging over projectile fragments (equivalently,
impact parameter), they are less complete in another sense in that no
account is taken of Coulomb effects of takget charge or abraded projectile
charge, which are treated in ref. 5,

Thus, we have here restricted our data comparisons to their lightest
target, carbon. We should like to use insights from the detailed fragment
averaging to interpret qua]ifative]y the significance of pion data on
other target Systems and at othef beam energies. To do this we need to
make a connection to the Zeﬁc values determined by Sullivan 93.3135
For our theoretical results of Figs;2,4~and 6we have calculated what
single value of average Zeff would give the same Coulomb correction
factor for various pion momenta. The results are plotted in Fig. 7. That
the values are not constant with momentum is a consequence of the
different shapes resu1ting from detailed averaging over fragments compared
to that of a singWek"average" fragment. We then do a weighted average
(_Z— f max Zoes P dp/O max o dp) over the curves of Fig. 6. The

Effzo
results are given in Table I and compared to those of Sullivan gg_gl,g

Let us now examine and interpret the trends in Zeff—’ as they are better

determined than Ze 4o From Fig. 20 of ref. 5 we see that Ze

ff ff-

increases monotonically with target mass through the sequence Ne + C, NaF,
Cu, and U. Such a target dependence of Zeff~ rules out target
factorization, as mentioned earlier. The target dependence is a natural
consequence of the geometkica1 natufe of‘the abrasion process; larger
target nuclei "scrape out" broader distributions of projectile fragments.

The Ze values of ref, 5 show a slight decrease with bombarding

ff-
energy. It is natural to attribute that decrease also to a broadening

fragment distribution.
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The firestreak abrasion code of McGaughey that was used in the
present work evidently reproduces target mass dependence reasonably well
but has too 1ittle dependence of abrasion product distribution on
bombarding energy.

It is satisfying to see that pion spectral features are
quant itatively explained in terms of Coulomb effects of abrasion fragments
before evaporation of additional charge. The need for the somewhat
smaller momentum dispersion constant 9, than that of inclusive
fragmentation experiments is an interesting feature, suggesting smaller
velocity dispersion of primary fragments. On the theoretical side this
approach needs extension to incorporate anisotropic fragment moment um
dispersions. Also it would be desirable to incorporate Coulomb effects of
target charge. On the experimental side we look forward to the more
detailed information of pion heavy fragment correlation data in future
’work.

This work was supported by the Director, 0ffice of Energy Research,
Division of Nuclear Physics of the Office of High Energy and Nuclear
Physics of the U.S. Department of Energy under Contract W-7405-ENG-48.

One of the authors (H.R.) would like to thank the University of Kuwait for

granting him this Sabbatical year to be spent at LBL.
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Table 1

Comparison of Effective Charge

Ebeam Beam Target eff eff

(MeV/A) " " = v
280 2Oe 12¢ 4.3 2.9 6.4 3.8
482 20pe 12¢ 4.2 2.8 5.0 3.5
533 40 12¢ 6.1 4.0 6.3 8.4

a) This work
b) Sullivan et al.
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. b.

Fig. 6.

Comparison of 40Ar fragment yields for given Z between theory

and experiment. Data points are from Symons 51_21,8 at E/A =

. 213 MeV on a carbon target. The solid (dashed) histogram is the

theoretical distribution before (after) nucleon evaporation

according to the firestreak code of McGaughey. The summed cross

sections are in millibarns.

The #~ spectrum at 0° calculated by eq. (6) and compared to

data of Sullivan gg_gl,s The solid curve is the theory after
folding with experimental resolution. The abscissa is pion
momentum in the projectile frame.

Same as Fig. 1, except for 20Ne + 126 at E/A = 280 MeV.

There are no direct fragmentation data for comparison, but this
figure shows input into eq. (6) for calculations shown in Fig. 4.
Same as Fig. 2 except for the 20Ne on 1ZC system at E/A =

280 MeV. The dotted curve is the theory before folding with
experimental resolution, and the solid curve is the theory after
folding. |

Same as Fig. 4 except that only the theoretical curves after
folding with experimental resolution are shown, and the curves
are given for three different choices of fragmentation velocity
dispersion parameter 9y

Same as Fig. 4 except for « instead of n .

The average effective fragment charge Zeff that would give the

. + . . .
same theoretical = cross section as our detailed averaging

eq. (6).
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Fig. 1. Comparison of aOAr fragment yields for given Z between theory
and experiment. Data points are from Symons gl_gl.S at E/A =
213 MeV on a carbon target. The solid (dashed) histogram is the
theoretical distribution before (after) nucleon evaporation
according to the firestreak code of McGaughey. The summed cross

sections are in millibarns.
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The » spectrum at 0° calculated by eq. (6) and compared to
data of Sullivan gg'glas The solid curve is the theory after
folding with experimental resolution. The abscissa is pion

momentum in the projectile frame.
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Fig. 3. Same as Fig. 1, except for ZONe + 12C at E/A = 280 MeV.

There are no direct fragmentation data for comparison, but this

figure shows input into eq. (6) for calculations shown in Fig. 4.
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